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Coherent phonon spectroscopy of wurtzite InN epitaxial thin films was carried out with
time-resolved second-harmonic generation technique. In addition to the bulk A1LO phonon and
A1LO–plasmon coupling modes, a phonon mode at 543 cm−1 was identified and characterized. It
is found that this phonon mode is localized in the topmost few atomic layers and sensitive to surface
modification. This vibration mode is described as the opposite motion between the In and N atoms
along the c axis. This phonon mode is assigned to the surface optical phonon of InN. © 2007
American Institute of Physics. DOI: 10.1063/1.2679358
Recently InN has attracted a lot of attentions because of
its promising potential in developing high-speed electronics,
near-infrared optoelectronics, and high-efficiency solar cells.
The improvement of the crystal growth techniques has made
it possible to grow high quality wurtzite InN epitaxial films
for studying its fundamental physical properties.1 For ex-
ample, spontaneous Raman spectroscopy has been applied to
characterize the phonon modes of InN.2 Since InN wurtzite
structure belongs to the C6v point group, the optical phonon
modes at the zone center are characterized by the irreducible
representations: opt=A1+2B1+E1+2E2, where the modes of
symmetries A1 and E1 are Raman and IR active, modes of
symmetry E2 are only Raman active, and modes of symmetry
B1 are the so-called silent modes, i.e., they are observed
neither in Raman nor in IR spectra.3 Thus only six optical
phonon modes have been reported in Raman studies: A1TO
at 447 cm−1, A1LO at 586 cm−1, E1TO at 476 cm−1,
E1TO at 593 cm−1, E2high at 488 cm−1, and E2low at
87 cm−1.2,4 Occasionally, weak phonon peaks around 200
and 540 cm−1 were reported and assigned to B1low and
B1high silent modes, respectively.5 The appearance of these
silent modes was attributed to the violation of wave-vector
conservation law in highly structural imperfect InN samples.
Sometimes a phonon peak around 530–560 cm−1 can be ob-
served in the Raman spectra of high quality InN epitaxial
thin film or nanorod samples.6–8 It was either unassigned or
assigned to B1high silent mode with no clear explanation.
Although the bulk phonon structure of InN has been
studied in detail via spontaneous Raman spectroscopy, the
surface phonon structure of InN has not yet been identified to
date. In this letter, we report the use of time-resolved second-
harmonic generation TRSHG technique to retrieve the
surface-related phonon structure of InN. Because of the ex-
istence of electron accumulation layer in the topmost few
nanometers of InN,9 we are capable of generating and detect-
ing these surface-related coherent optical phonons via tran-
sient electric field screening process.10,11 This process displa-
cively changes the equilibrium position of In and N atoms
and launches these surface-related coherent phonons within
the electron accumulation layer. Meanwhile, this electron ac-
cumulation layer significantly reduces the optical absorption
length and the effective coherent length for the reflected
SHG. The SH probing depth is estimated to be only a few
tens of nanometers in InN.11 In TRSHG experiment, the
pump-induced SH signal contributions from the electron ac-
cumulation layer and the bulk region are on the same order
of magnitude even though InN wurtzite crystal has no inver-
sion symmetry and SHG signal presumably is dominated by
the bulk contribution.
There are two InN samples samples A and B used in
the TRSHG experiments. They were grown on commercial
GaN/sapphire 0001 templates by plasma-assisted
molecular-beam epitaxy. In this case, the c axis of InN is
parallel to the 0001 axis of sapphire and normal to the
substrate surface. The InN film thicknesses are 1.9 and
0.7 m for sample A and sample B, respectively. The main
structure difference between these two samples is that
sample B was intentionally covered with a 2 nm low-
temperature grown GaN LT-GaN layer at the end of sample
growth. The growth of LT-GaN layer induces local strain and
defects at the InN–GaN interface because of the lattice mis-
match effect.12
In the TRSHG experiments, a mode-locked Ti-sapphire
oscillator, delivering 800 nm hv=1.56 eV, 82 MHz, 15 fs
transform-limited laser pulse train, was used as the light
source. The details of TRSHG setup and data analysis
method can be found somewhere else.13 The TRSHG curve,
R2 /R02, was plotted as a function of the delay time
between the pump and probe, where R02 and R2
denote the total reflected SH signal and the pump-induced
probed SH signal, respectively.
Figure 1a shows the TRSHG curves by performing
identical experiment on sample A and sample B. The pump
and the probe were set to s polarized and p polarized, re-
spectively, to avoid coherent artifact at zero delay time.
The photoexcited carrier density was set to 21018 cm−3.
The TRSHG curves were measured in pin-pout configuration.
The slow-varying background in the TRSHG curves was re-
lated to the pump-induced transient carrier dynamics.11
Meanwhile, large oscillatory modulation in the TRSHG
curves could be easily identified. This modulation was attrib-aElectronic mail: ymchang@ccms.ntu.edu.tw
APPLIED PHYSICS LETTERS 90, 072110 2007
0003-6951/2007/907/072110/3/$23.00 © 2007 American Institute of Physics90, 072110-1
Downloaded 08 Oct 2010 to 140.114.72.127. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
uted to the coherent phonon generation via transient electric
field screening process in the electron accumulation layer.11
The oscillatory components, Rosc2, were extracted
from the slow-varying background and shown in Figs. 1b
and 1c, respectively. Note that Rosc2 denotes the os-
cillatory component, which was only contributed from
the electron accumulation layer because of the coherent pho-
non driving mechanism. Their Fourier power spectra are
plotted in Fig. 1d to reveal the phonon frequencies. In
addition to the lower-branch A1LO-plasmon coupling
L−  mode at 440 cm−1,11 the phonon mode at 543±7cm−1
or 16.3±0.2 THz also contributed a large oscillatory com-
ponent in the Rosc2.
We also determine the amplitude, frequency, and dephas-
ing time of these coherent phonon modes by direct curve
fitting method.13 The fitting result reveals that their ampli-
tudes were proportional to the pump intensity and their
dephasing times fell in the range of 200–300 fs. The fitting
curves are shown in Figs. 1b and 1c, respectively. It is
found that the L− mode and surface phonon mode have the
same order of dephasing time in sample A. This result sug-
gests that these phonon modes went through similar dephas-
ing processes, which are governed by the crystal defects and
electron accumulation in the near surface region of InN.
In this letter, we would like to focus on the characteriza-
tion of the 543 cm−1 phonon peak. This phonon frequency
cannot be assigned to any well-known Raman-active bulk
phonon modes of InN.2,4 One may argue that this phonon
frequency is close to that of bulk B1high silent mode re-
ported in a previous InN Raman study.5 However, we dem-
onstrate that this phonon peak shall be assigned to surface
optical phonon mode but not B1high silent mode in the
bulk region of InN.
First of all, we rule out the possibility of generating co-
herent B1high phonon in our TRSHG experiment. The
pump-induced transient field screening process can only dis-
placively shift the equilibrium positions of the In and N at-
oms in the opposite directions along the c axis because of
their different charge polarities. It means only Raman-active
optical phonon i.e., A1LO phonon14 can be coherently
generated with this process. On the other hand, the B1high
mode involves the in-phase motion of the near-neighbor In
and N atoms and out-of-phase motion of the interlayer In
atoms the same for the interlayer N atoms in a primitive
cell of wurtzite structure.14 In principle, it is not possible to
create this kind of atomic displacement via the electric field
screening process.
Secondly, we also exclude the possibility of detecting
coherent B1high phonon in our TRSHG experiment. From
the curve fitting result, we estimate that the ratio between the
phonon strengths of 440 and 543 cm−1 phonon modes is
about 1.7:1. Since Rosc2 is contributed from the electric-
dipole allowed phonon mode, this estimation implies that the
543 cm−1 peak must be a phonon mode with compatible
electric-dipole moment to that of A1LO phonon. However,
B1high mode is silent, i.e., forbidden in Raman as well as
infrared excitation, it cannot be the possible candidate for
this 543 cm−1 peak assignment.
Thirdly, we confirm this surface optical phonon assign-
ment of 543 cm−1 peak by comparing the coherent phonon
spectra of sample A and sample B. The coherent phonon
spectrum of sample A clearly indicates two phonon peaks at
440 cm−1 L− mode and 543 cm−1 curve A in Fig. 1d. In
contrast, sample B shows no mode beating in its oscillatory
component and indicates only L− phonon peak in its Fourier
power spectrum curve B in Fig. 1. It clearly reveals that the
growth of LT-GaN thin layer significantly modifies the InN
atomic structure in the topmost few atomic layers and fully
suppresses this surface vibration mode. Thus we believe that
the 543 cm−1 phonon peak of sample A shall be assigned to a
surface optical phonon, which only exists in a freestanding
InN surface. It is localized in the topmost few atomic layers
and sensitive to surface modification.
Furthermore, we performed probe-polarization depen-
dent TRSHG experiment to characterize the motion of this
surface optical phonon. In the experiment, the R2 /
R02 was measured in pin-pout and sin-pout configurations
to distinguish the SH contributions among nonvanishing 2
elements. Note that the pump was set to p polarized and
fixed laser intensity for identical photoexcited carrier density
21018 cm−3 and coherent phonon generation. The experi-
mental results and their analysis are shown in Fig. 2.
Since the coherent phonon is generated in the surface
electron accumulation layer, one can express the coherent
surface phonon-induced SH contribution in Rosc2 /
R02 as 2s,osc
2  / 
s
2+b
2, where b
2
, 
s
2
, and

s,osc
2
are the bulk, surface, and surface phonon-induced
nonlinear susceptibilities, respectively.15 When the probed
SH signal is measured in pin-pout configuration, the
Rosc2 is associated with the following Js2 elements:
FIG. 1. Color online a TRSHG curves of samples A red and B blue,
with offset=0.02, where AC denotes the autocorrelation signal to define the
zero delay time; b and c show the oscillatory components open symbols
of sample A and sample B, respectively the solid lines are the curve fitting
results; d Fourier power spectra of the oscillatory components for sample
A with offset=0.3 and sample B.
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
s,
2
, 
s,
2
, and 
s,
2
. On the other hand, when the
probed SH signal is measured in sin-pout configuration, only

s,
2
can contribute to the Rosc2. Note that the indices
 and  refer to the directions perpendicular or along the c
axis and parallel or c plane to the wurtzite InN sample
surface. In Fig. 2, it is found that the maximum phonon
modulation of Rosc2 /R02 in pin-pout configuration is
seven times larger than that in sin-pout configuration. The
corresponding Fourier power spectra also indicate the same
behavior. This observation clearly indicates that the coherent
surface phonon-induced SH modulation, Rosc2 /R02,
is mainly contributed from 
s,
2
and 
s,
2
, but not 
s,
2
.
Since these 2 elements originate mainly from the nonlinear
electric-dipole response of the highly directional covalent
bonds,16 we attribute the coherent phonon modulation in

s,
2
and 
s,
2
mainly to the opposite motion between the
In and N atoms along the c axis and that in 
s,
2 to the
stretching motion between In and N atoms in the c plane of
InN.
The analysis reveals that this surface phonon mode has
very similar vibration mode to the bulk A1LO mode be-
cause of the same driving mechanism and similar scattering
channels. We speculate that this 543 cm−1 surface mode may
be related to the bulk-terminated A1LO phonon mode. We
propose a possible vibration mode for this surface optical
phonon. The displacement of In and N atoms in the topmost
few atomic layers is illustrated in Fig. 3. In fact, this surface
phonon mode has the same vibration mode as the bulk
A1LO phonon in wurtzite structure.14 but its frequency is
expected to be lower than that of bulk A1LO but higher
than that of bulk A1TO because of the discontinuous
boundary condition at the air and InN heterointerface.17 A
similar character has been reported for the surface optical
phonon of ZnO single crystal.18 However, this argument can-
not be verified at this moment. A full theoretical calculation
of the InN surface phonon structure is necessary to support
our viewpoint.
In conclusion, we report the identification of surface op-
tical phonon in wurtzite InN epitaxial thin films. It is local-
ized in the topmost few layers of the InN freestanding sur-
face. Its dephasing time is about 200–300 fs and governed
by the phonon-defect and phonon-carrier scatterings in the
near surface region. The vibration mode is described as the
opposite motion between the In and N atoms along the c axis
of the wurtzite structure.
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FIG. 2. Color online a Probe-polarization dependent TRSHG curves,
where the probed SH signal was set to pin-pout blue and sin-pout red
configurations, respectively; b and c show their oscillatory components;
d Fourier power spectra of the oscillatory components for the pin-pout with
offset=1.5 and sin-pout magnified by 50 times configurations.
FIG. 3. Color online Arrangement of In atoms yellow and N atoms
blue along the c axis of the wurtzite structure. The solid line and dash line
indicate the covalent bond orientation and the surface of InN. The arrows
illustrate the vibration mode of the surface optical phonon.
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